Wilson, Donald A. Synaptic correlates of odor habituation in the depression of excitatory afferent input. The results demonrat anterior piriform cortex. J. Neurophysiol. 80: 998-1001Neurophysiol. 80: 998- , 1998. strate that adaptation to prolonged odor stimulation by aPCX Responses of anterior piriform cortex layer II/III neurons to both neurons is associated with a decrease in afferent synaptic odors and electrical stimulation of the lateral olfactory tract (LOT) efficacy.
were measured with intracellular recordings in urethan-anesthetized, freely breathing rats. Odor-evoked, respiration-entrained M E T H O D S postsynaptic potentials (PSPs) rapidly habituated during a 50-s odor stimulus, then spontaneously recovered within 2 min of odor Male and female Long-Evans hooded rats (150-450 g) obtained termination. Associated with the decrease in odor-evoked PSP amfrom Charles River Labs were used as subjects. Animals were plitude was a decrease in the monosynaptic excitatory postsynaptic housed in polypropylene cages lined with wood chips. Food and potentials (EPSPs) evoked by electrical stimulation of the LOT.
water were available ad libitum. Lights were maintained on a 12:12 The decrement in LOT-evoked EPSPs recovered with a time course light:dark cycle with testing occurring during the light portion of similar to the odor response recovery. These results demonstrate the cycle. that odor habituation is associated with a decrease in afferent synAnimals were anesthetized with urethan (1.5 g/kg) and placed aptic efficacy in the anterior piriform cortex.
in a stereotaxic apparatus. The lateral olfactory tract (LOT) was stimulated at 0.2 Hz with constant current square wave pulses (50-500 mA) with a tungsten monopolar electrode. Intracellular Hummel et al. 1996; vision, Sclar et al. 1985 ; audition, lation, which evokes a short-latency monosynaptic excitatory post- Weinberger et al. 1975) . Thus, although some decrement in synaptic potential (EPSP) (Haberly 1998 Based on the well-described synaptic physiology of the were habituated to a particular odor only once. Control cells repiriform cortex (Haberly 1998) , and synaptic correlates of ceived no habituating odor stimulus, or were stimulated with an habituation in other systems, there are several possible mechodor that produced no detectable response.
anisms for the reduction in aPCX odor-evoked PSPs during
In a subset of cells, a single 2-s test stimulus (same odor as the habituation including excitatory synaptic depression (e.g., habituating stimulus) was delivered posthabituation (at a different Castellucci et al. 1970; Finlayson and Cynader 1995 LOT-evoked EPSPs were measured by determining the slope of the linear rising phase of EPSP onset. The use of EPSP initial slope study examined whether odor habituation is associated with measures provided a relatively pure measure of afferent synaptic efficacy, uncontaminated by short-latency inhibitory postsynaptic potentials (IPSPs) (Kapur et al. 1997 ) and disynaptic EPSPs (Haberly 1998). Slopes were averaged within cells in groups of four consecutive EPSPs for statistical comparisons between groups and time points posthabituation. EPSP slope was expressed as a percent of prehabituation values. LOT stimuli were delivered for at least 1 min before habituation odor onset and continued for up to 10 min postodor offset.
Odor-evoked PSPs were measured as previously described (Wilson 1998) from respiration-triggered averages over 10-s periods at odor onset (0-10 s of stimulation) and odor offset (40-50 s of stimulation; see Fig. 1 ). PSP amplitude was measured from baseline to peak, away from evoked action potentials. Odor-evoked PSP amplitude was expressed as a percent of initial amplitude (0-10 s). Similar respiration-triggered averages were used to determine the amplitude of PSPs to test odor stimuli.
R E S U L T S
Data from a total of 24 different cells from 15 animals were analyzed, including habituation (n Å 17) and control experiments (n Å 16), with some cells tested with more than one odor or in more than one condition. No obvious differences were noted in habituation between odors, thus results from all odors were combined. Of the control experiments, 13 were with no odor and 3 were with an odor to which the cell showed no detectable response. There was no significant difference in resting V m between habituation (074.7 { 1.7 mV, mean { SE) and control (074.4 { 2.1 mV) experiments.
Odor stimulation produced PSP responses that generally occurred phasically over the respiratory cycle. With the depth of anesthesia used here, respiration cycles were generally around 500 ms in duration. As shown in Fig. 1, A and B, these odor-evoked PSPs often exhibited large depolarizations supratheshold for spike initiation, along with other depolarizing and/or hyperpolarizing events within single respiratory cycles. Prolonged odor stimulation (50 s) produced Fig. 1 , restimcycle (vertical tick marks). These oscillations, initially suprathreshold for ulation with isoamyl acetate 2 min after the end of the habitu-action potentials, rapidly decreased in amplitude. B: respiratory cycle waveating stimulus showed a nearly complete recovery of odor-form and averaged, cycle-triggered odor-evoked postsynaptic potentials evoked PSP amplitude.
(PSPs) before and during the odor stimulus. Odor-onset (initial 10 s) evoked a large depolarization that was greatly attenuated by the last 10 s As shown in Fig. 2A LOT-evoked response before habituation and at 2 min postodor offset (reodor stimuli (2 s duration) delivered at various latencies covery). E: LOT-evoked response in the same cell at a longer time view. posthabituating stimulus offset showed a recovery of odorevoked PSP amplitude to initial values within 100-120 s ( Fig. 2A) .
was sufficient to block action-potential generation (Fig. 1C) , although blockade of LOT-evoked spiking was not a com-LOT-evoked, monosynaptic EPSPs displayed a similar decrease and recovery following odor habituation. As shown mon observation. Within 2 min, the LOT-evoked EPSP returned to near prehabituation levels (Fig. 1D ). in Fig. 1E , electrical stimulation of the LOT evoked a shortlatency EPSP, often suprathreshold for spike generation, folAs shown in Fig. 2 and occasionally completely eliminated, LOT-evoked EPSPs were generally reduced to no less than 70% of prehabituation levels. This difference most likely reflects at least three factors. First, habituation of odor PSPs reflects both changes intrinsic to the aPCX and decrements in afferent activity (mitral/tufted cell habituation). The combination of a relatively small decrease in afferent activity and a relatively small decrease in synaptic strength could result in the more dramatic reduction in odor-evoked PSPs observed. For example, the effects of afferent depression could be amplified if voltage-dependent N-methyl-D-aspartate-mediated currents comprise a significant portion of the odor-evoked PSP, or if the afferent depression results in a shift in balance between excitation and feed-forward/feedback inhibition.
Second, electrical stimulation of the LOT is nonspecific compared with the probable effects of odor stimulation. Thus an odor stimulus presumably activates only a small subset of afferent synapses on aPCX pyramidal cells, whereas electrical stimulation of the LOT should activate a much larger, although overlapping, set of synapses. Previous work has demonstrated that habituation of aPCX responses is odor specific (Wilson 1998) . Electrical stimulation following habituation to a single odor, therefore, would activate both habituated and nonhabituated synapses, resulting in a less pronounced reduction in total EPSP size. An analysis of the magnitude of odor-evoked PSP habituation and LOT-evoked EPSP reduction within cells showed no statistically signifi- of memory formation in piriform cortex (Haberly 1985) . Thus a decrease in the disynaptic EPSP, in addition to the the 40-and 60-s time points (t-tests, P õ 0.05), returning, afferent synaptic depression, could contribute to odor PSP statistically, to control levels at 80 s postodor offset.
habituation. Modulatory inputs to the piriform, such as ace-A subset of cells was tested in both control and habituation tylcholine (Hasselmo and Barkai 1995) , have also been imconditions (n Å 8 replicates in 5 cells). A paired t-test plicated in synaptic plasticity in this structure. showed that, as with the between-cell comparisons above,
The short-term afferent synaptic depression reported here odor habituation significantly reduced LOT-evoked EPSP has not been previously described in the piriform cortex with slope compared with control stimulation within single cells electrical stimulation paradigms in vivo or in vitro. A variety [EPSP slope 20 s postodor as a percent of preodor slope, of mechanisms for this short-term depression can be postuhabituation Å 87.1 { 3.2%, control Å 101.0 { 3.9%; paired lated including postsynaptic changes such as long-term det-test, t(7) Å 4.40, P õ 0.01].
pression, and/or presynaptic changes such as autoreceptor suppression of afferent neurotransmitter release (Hasselmo D I S C U S S I O N and Bower 1991). In summary, habituation of aPCX neurons to repetitive The present results demonstrate that habituation of odor responses in the aPCX is correlated with a decrease in effi-odor stimuli is associated with a decrease in afferent synaptic strength. Additional studies will be required to determine cacy of afferent excitatory synapses from the olfactory bulb. Furthermore, the time course of spontaneous recovery for the mechanism of this change in synaptic efficacy associated with odor stimulation, and its role in habituation of odorodor responses and for LOT-evoked responses is similar, with both returning to prehabituation levels within 2 min. evoked PSPs. Interestingly, the time course of recovery was similar to that
